Stoicheiometric analysis of metabolic pathways provides a systematic way of determining which metabolite concentrations are subject to constraints, information that may otherwise be very difficult to recognize in a large branched pathway. The procedure involves representing the pathway structure in the form of a matrix and then carrying out row operations to convert the matrix into 'row echelon form': this is a form in which as many as possible of the elements on the main diagonal are non-zero, and all of the elements below the main diagonal are zero. If exactly the same operations are carried out on a unit matrix of order equal to the number of intermediate metabolites in the pathway, the resulting matrix allows the stoicheiometric constraints to be read off directly.
Introduction
Since its introduction by Reder [l] , stoicheiometric analysis has become an essential tool for analysing metabolic systems prior to modelling their behaviour in the computer. It is incorporated into modern metabolic modelling programs such as Scamp [2], Gepasi [3, 4] and Jarnac [S] . The sort of problems that could not easily be analysed without knowledge of stoicheiometric constraints are exemplified by various general applications in biotechnology (e.g. and by powerful new methods of pathway analysis [9] that are helping to
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rationalize the results from genome sequencing. Nonetheless, the intensely algebraic nature of stoicheiometric analysis, which makes it barely feasible to attempt in other than a matrix representation, has caused it to remain apparently obscure and difficult, so that one may wonder whether the information that it provides is sufficiently useful to justify the effort needed to understand it. Here we illustrate how to detect a stoicheiometric constraint that could easily be overlooked in a casual inspection, in the context of as simple a model as we can devise without making it completely trivial and transparent.
Metabolic model
The model to be analysed is shown in Figure 1 . It is based on a model of glycolysis in Trypanosoma brucei that was found to obey a complicated stoicheiometric constraint [10, 11] that was unexpected and difficult to rationalize even after it had been recognized. For the present purpose we have simplified the original model by eliminating all characteristics that do not appear necessary for a non-intuitive stoicheiometric constraint to apply. The reservoir of hexose that acts as starting material for reaction 1 is shown in parentheses because its concentration is treated as being fixed independently of the metabolic system and does not enter into the stoicheiometric analysis, and the sinks that act as products of reactions 3 and 4 are left unspecified for the same reason (though the product of reaction 3 may be assumed to be different from the substrate of reaction 4).
For such analysis the model must be represented as a stoicheiometric matrix, as follows, where each column represents a reaction and each row initially represents the rate of change of an intermediate concentration :
Metabolic scheme to illustrate stoicheiometric analysis
The starting material hexose is shown in parentheses because its concentration is treated as fixed and it does not enter into the stoicheiometric analysis, and the products of reactions 3 and 4 are left anonymous for the same reason. The labels a t o fshown for the metabolites are used in the text as compact symbols for the corresponding concentrations.
(hexose)
a: hexose 6-P b: triose-P c: triose
Just by examining Figure 1 one can immediately guess that the sum of adenine nucleotide concentrations must be conserved in this system, but it is less obvious that there is a second stoicheiometric constraint.
Stoicheiometric analysis
T o analyse matrix (1) we need to apply Gaussian elimination to it. This consists of a series of row operations (addition, subtraction or exchange of rows) designed to make the main diagonal consist, as far as possible, of non-zero elements and the triangle below this main diagonal to consist entirely of zero elements. In the process the rows lose their one-to-one identification with particular metabolites, so we need to remove the row labels from matrix (l), and we need to adopt a different labelling system that allows us to keep track of the metabolites. T h e columns, however, retain their one-to-one identification with the five reactions, so the column labels can remain. T h e best solution is to augment the 5 x 6 matrix by writing a 6 x 6 unit matrix next to it and labelling the six new columns of the resulting 11 x 6 matrix with symbols for the rates of change of the metabolite concentrations. For compactness we use the oneletter symbols a to f defined in Figure 1 for these concentrations, and t for time : 
Exactly similar manipulations now allow the non-zero elements in rows 3, 4 and 5 in column 2 to be eliminated by subtracting row 2 from or adding row 2 to these other rows: 
(7)
The two blocks of zeroes in rows 5 and 6 of the left-hand part of this final matrix now represent the two stoicheiometric constraints that characterize the network in Figure 1 . As row 6 is simpler and represents an intuitively obvious result, we consider it first. It means that the column labels multiplied by the coefficients in row 6 below them add up to zero:
This can be written in a more familiar way by replacing the one-letter column symbols with more recognizable metabolite symbols, and recalling that a zero rate implies a constant concentration :
subtracting it once from row 6:
T h e Gaussian elimination can now be regarded as finished, as the original objective is satisfied: the main diagonal consists, as far as possible, of non-zero elements, and only zero elements are found below it. However, row 6 is left in a more complicated state than necessary, and can be simplified by adding row 5 to it. Note that as this is equivalent to adding zero to zero in the left-hand part of the matrix it has no effect on the correctness of the result :
It represents the sum of all the transferable phospho groups in the system. Once its meaning is pointed out it is easy to confirm by inspecting Figure 1 that the relationship expressed by eqn (10) must hold, as there is transfer of phosphate between the system and its exterior, but this is because we have used as simple a case as possible to illustrate the method. With a more complicated example, such as the model for T. brucei that formed the starting point for this discussion, a stoicheiometric constraint can remain obscure even after it is known. In that example the equation that corresponded to eqn (10) involved most of the transferable phospho groups in the glycosomal compartment of the cell, but not all of them, and also involved two extraglycosomal metabolites [10, 11] . 
